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Abstract 
In this study a thermo-mechanical numerical simulation of the machining operation is presented. The purpose of the simulations is 
to obtain the residual stresses. The FE-simulations are compared to measurements of a machined axis. The reason for this work is to 
see if residual stress calculations have reached a level where it could be performed on a daily basis. Therefore, the simulations were 
performed with the software package DEFORM which has a re-mesh function that, for practical reasons, is necessary when forming 
chips. The large deformations will make the FE-analysis to costly otherwise.  
The work includes a parametric study of machining parameters in order to foresee the impact on the residual stresses. These 
simulations have also been compared to measurements. 
The FE-simulations has proved to predict the residual stresses in principle. However, even though the stress gradient in the vicinity 
of the surface is captured the exact stress level on the surface could not be foreseen. This effect was attributed to the re-mesh 
function. The parametric study showed that residual stresses can be foreseen, but not all the way up to the surface. Simulated results 
are only valid from approx 0.05mm-0.1mm below the surface. However, even with this restriction the FE-analysis can be used for 
optimising the cutting parameters with respect to residual stresses. 
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1. Introduction 
Machining in general, is a term used to describe the 
removal of material from a work piece. Machining 
processes include, but are not limited to, turning, 
milling, grinding, drilling and broaching. These 
processes are known for being complex. And the 
measure of complexity is significant because of the 
diversity of physical phenomena involved, such as large 
elastic-plastic deformation, complicated contact/friction 
conditions, thermo-mechanical coupling and chip 
separation mechanisms [1]. 
Nearly every component in use has at within its 
manufacturing cycle some point undergone a machining 
process. The stresses produced as a result of machining 
processes (i.e.: mechanical working of the material, heat 
treatment, chemical treatment, joining procedure etc.) 
are called residual stresses. The significance and 
criticality of residual stresses comes mainly from their 
significant effect on the fatigue life of the machined 
component [2]. 
There has been a lot of research devoted to finding 
residual stresses. Measurement techniques have been 
developed and simulation techniques have been 
improved over the years. The reason for the present 
study is to see if calculations of residual stresses have 
reached a level where they could be performed on a 
daily basis or not. 
Residual stresses in a work piece are merely a 
function of its material processing and machining history 
[3]. According to their nature, residual stresses can 
enhance or impair the functional behaviour of a 
machined part. In the vicinity of the machined surface, 
tensile residual stresses have negative effects on fatigue, 
fracture resistance and stress corrosion. The result often 
is a substantial reduction in the component’s life [4]. 
Residual stresses in the machined surface layers are 
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier B.V.
l ction and peer-review under responsibility of The International Scientifi c Committee of the “14th CIRP Conference on Modeling of Machining 
Operations” in the person of the Confere ce Chai  Prof. Luca Settineri
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
259 N. Stenberg and J. Proudian /  Procedia CIRP  8 ( 2013 )  258 – 264 
 
controlled by choices of cutting tool, work material and 
cutting parameters (for example: cutting speed, depth of 
cut and feed). 
1.1. Research for determination of residual stresses 
The understanding of the mechanisms of residual 
stress formation and its implications is a huge research 
issue. Henriksen [5] conducted a series of tests to 
understand residual stresses and found that grain 
deformation in the surface layer generates residual 
stresses. Therefore, he attributed mechanical 
deformation as the main reason for residual stress 
generation. He considered the thermal stresses due to 
heat generation to have a negligible role. He also found 
that in ductile materials, residual stresses were usually of 
a tensile nature while in brittle materials, they were of a 
compressive nature. Liu and Barash [6] validated 
Henrikson’s conclusions. They also found that there was 
no relation between the linear thermal expansion in the 
machined layer and the residual stress distribution. Liu 
and Barash showed that the mechanical deformation of 
the work piece surface was the main cause of producing 
both tensile and compressive residual stresses in 
machining. 
Matsumoto et al. [7] and Wu and Matsumoto et 
al.[8]observed that material hardness has a significant 
effect on the residual stress distribution. Their results 
agreed well with the experimental data trends. 
Shet and Deng [9] investigated the frictional 
interaction along the tool-chip interface and a range of 
rake angles. In their latest work, Shet and Deng [10] 
concluded that the tool-chip friction and tool rake angle 
have non-linear effects on residual stresses and strains. 
Salio et al. [11] simulated turning in turbine disks, 
usingnonlinear finite element code MSC.Marc. The 
study gave insights on the selection of cutting 
parameters and the predicted and experimental residual 
stresses were found to be in satisfactory agreement. 
Liang and Su [12] presented a predictive model for 
residual stress in orthogonal cutting. The model 
presented, captured the trends of generated residual 
stress as well as magnitudes. Miguélez et al. [4] 
investigated the generation of residual stresses in 
orthogonal metal cutting using an ALE finite element 
approach. The study concluded that tensile stresses are 
the result of both thermal and mechanical effects. 
The studies on residual stresses in machined parts and 
the efforts put into understanding the mechanism of its 
formation has provided important insights in the 
comprehension of this phenomenon and on issues such 
as residual stress distribution, mechanical and cutting 
properties attribution and the effect of tool edge. 
However, there are not any convenient ways of finding 
the residual stresses unless modern simulation 
techniques could provide such insight. Therefore, this 
study aims to investigate whether FE-simulations, rin a 
straight forward and “easy-to-use” manner, can be used 
for this purpose or not. 
2. Materials and methods 
The reason for this study is to see if calculations of 
residual stresses have reached a level where they could 
be performed on a daily basis or not. DEFORM [13], a 
commercial and state of the art software package, is used 
to provide 2D as well as full three-dimensional (3D) FE-
simulations of the turning operation. Every engineering 
based process has certain limitations and obstacles that 
add to its level of complexity. Understanding these 
limitations could provide a wide range of solutions and 
possibly save time and money. The scope of this study is 
see how easy it is to utilise calculations with low 
calculation costs, therefore only 2D orthogonal cutting is 
considered. 
2.1. Work piece material 
n the turning trials a common gear box axis material, 
20NiCrMo5 steel, was used. A popular material model 
for use in machining simulations is the Johnson–Cook 
model, Eq. 1 (here expressed in the traditional form. In 
the DEFORM manual [13] an extended version is 
shown). The model incorporates both the rate and 
temperature dependencies on the yield stress. The model 
do however not include any viscous effects, that in an 
ideal simulation should be included. But for common 
use in turning simulations it is suitable because it contain 
vital aspects of plasticity, and the calculation cost is 
relatively low. The number of parameters are fairly high 
but easily determined via the method described by 
Pujana and Chandrasekaran [14]. For this particular 
material the value of the parameters in Eq. 1 are lislted 
in Table 1. 
(1)
where 
 
(2)
A : 490MPa B : 600MPa C : 0.015 
n : 0.21 m : 0.6  : 1.0 
Troom : 20°C Tmelt : 1900°C   
Table 1: The Johnson–Cook parameters for the 20NiCrMo5 steel 
material 
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The Johnson–Cook model only specifies the plastic 
behaviour of the work piece material. The other material 
parameters required for this simulation are shown in 
Table 2. 
 
Density 7.8 kg/m3 
Poisson's ratio 0.3 
Young's Modulus 210GPa 
Thermal Conductivity 47.7W/m°C 
Specific Heat 556J/kg/°C 
Heat Capacity 4.3368N/mm2/°C 
 0.75 
Thermal Expansion 1.2 m/m/°C 
Table 2: The material parameters for the work piece 
The material will in some places build up sufficient 
amount of damage to totally fail and by that be 
considered as locally broken. In the literature there are 
several different models for determination of failure in 
the material. A small overview of models used for 
modelling of cutting processes has been made by 
Stenberg [15]. In the present study the Normalised 
Cockcroft and Latham failure criterion was chosen: 
 
 
(3)
 
where D, a hypothetical damage value, shall be less 
than Dcrit , a critical damage value where failure in the 
element is said to occur, to be considered as undamaged. 
In Eq. 3 1 is the largest principal stress and  is the 
equivalent Mises stress which means that the damage 
evolution in the material is dependent on the stress state 
the plastic deformation occurs under, which is a 
desirable feature. 
2.2. The cutting tool 
The cutting tool used in the trials was the Sandvik 
Coromant T10, DNMG 150612-PR, GC 4025 with the 
tool holder DDJNR 3232K15. When modelling the tool 
in a 2D environment the rake angle, clearance angle and 
edge radius are the only geometric features that can be 
considered. Rake and clearance angles are both 6o and 
the edge radius is 0.02mm, Figure 1. 
The material in the tool is a Tungsten Carbide mate-
rial where the material properties were chosen according 
to Table 3 
 
Density 15kg/m3 
Poisson's ratio 0.3 
Young's Modulus 800GPa 
Thermal Conductivity 46W/m°C 
Specific Heat 203J/kg/°C 
Heat Capacity 3.045N/mm2/°C 
Emissivity 0.7 
Thermal Expansion 4.7 m/m/°C 
Table 3: The material parameters for the tool material 
 
Fig 1: The 2D model of the tool include the rake and clearance 
angles. Both are set to 6o. The edge radius is 0.02mm. 
2.3. Residual stress measurements  
The residual stresses in a machined axis have been 
measured with X-ray diffraction techniques. The results 
of the numerical simulations are validated by the 
experimental results that took place at both SWEREA 
IVF labs and at the SCANIA production line.  
 
2.4. Simulation description  
The commercial FE-software package DEFORM 
v10.2 from Scientific Forming Technologies 
Corporation (SFTC) was used. DEFORM uses an 
updated Lagrangian solver and it has a re-mesh function 
that is designed for solving large deformation problems, 
typically forging and machining. The graphical user 
interface and the overall ``easy to use'' approach makes 
the package suitable for workshop usage. However, the 
simulation techniques are not as well documented as, for 
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example, the multi-purpose FE-software package
ABAQUS and therefore not as widely spread in
academia as ABAQUS. 
The interface between tool and work piece is
modelled with a heat transfer coefficient of 11 and a 
standard Coulomb friction type of slide. The simulation
is run under the standard assumption that 90% of the
plastic work is transformed into heat. For each step
equilibrium is found between mechanical deformation,
heat generation and material properties. The number of 
4-node elements are approximately 4000, the number 
vary throughout the simulation because of the re-
meshing. 
Fig 2: The positions of the 10 measure points are evenly distributed in
the newly formed surface
2.5. Extracting the residual stresses out of the
simulations 
Residual stresses in the work material is periodically
distributed because the periodic character of the chip
formation process. To ensure a value from the
simulations that describe a homogeneous residual stress
state 10 measuring points were chosen, the positions are
seen in Figure 2. The residual stresses were extracted 
after the tool was released from the work piece with
subsequent cooling to room temperature.
2.6. Finding simulation parameters 
The Normalised Cockcroft and Latham (C&L) failure
criterion and the Coulomb friction coefficient are two
parameters that are unknown and that gives impact on
the simulation results. The failure criterion is dependent 
on element size and therefore a parameter that is
changed to suit the chosen simulation set-up. The
Coulomb friction coefficient is also specific for the used 
simulation set-up. To find these two parameters
simulations with different parameter combinations were
made. The shape of the chip was compared with the chip
obtained in the experiments, see Figure 3. 
From the simulations it is interesting to note that the
fracture criterion governs the chip form, and the
coefficient of friction has effect on the chip thickness; as
the coefficient value decreases, the chip thickness is also
decreased. The C&L failure critical value and the
Coulomb friction coefficient determined for these
simulations are presented in Table 4 
Dcrit Coefficient of friction
0.6 0.3
Table 4: The parameters that are determined by simulations
Fig 3: The form of the chip in the simulation determined the friction
coefficient and Dcrit To the left the chip is the result of having 0.4 and 
0.4. To the right the chip obtained by using the parameters in Table 4 is
shown. 
3. Results
Only 2D simulation results are presented here. And in
these simulations only the circumferential residual
stresses can be compared with results. 
Figure 4 shows the residual stresses in the work piece
at the 10 points shown in Figure 2. Point 1 describes the
state that will occur after more re-meshings than in point 
10. 
Fig 4: The circumferential residual stress in the points of extraction.
The early point (1) has a stress state that is different from a late point
(10), it has been smudged more because of more re-meshing.
3.1. The feed rate influence on the residual stresses 
The simulations for the feed rate influence on the
residual stresses are all made with the cutting speed set 
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to 260 m/min and with a rake angle of 6°. In Figure 5 the 
experiments are shown whereas in Figure 6 the FE-
simulated results are shown. As seen in Figure 4 the 
scatter is quite large so in Figure 6 only the average for 
each depth in the material is shown.  
3.2. The cutting speed influence on the residual stresses  
The simulations for the cutting speed influence on the 
residual stresses, as seen in Figure 7 are all performed 
with the feed rate set to 0.2mm/rev and with a rake angle 
of 6°.  
3.3. The rake angle influence on the residual stresses 
The simulations for the rake angle influence on the 
residual stresses, as seen in Figure 8 are all performed 
with the feed rate set to 0.2mm/rev and the cutting speed 
set to 260m/min. 
 
Fig 5: The circumferential residual stresses for different feed rates, 
experimental results. Cutting speed = 260m/min, Rake angle = 6° 
 
Fig 6: The circumferential residual stresses for different feed rates, 
simulated results. Cutting speed = 260m/min, Rake angle = 6° 
 
Fig 7: The circumferential residual stresses for different cutting speeds, 
simulated results. Feed rate=0.2mm/rev, Rake angle = 6° 
 
Fig 8: The circumferential residual stresses for different cutting speeds, 
simulated results. Cutting speed = 260m/min .Feed rate=0.2mm/rev 
 
4. Discussion  
The FE-simulations are performed with the software 
package DEFORM which has proven to be easy to use 
and easy to obtain results with. The residual stresses 
were however a bit hard to extract since the re-mesh 
function moved the nodes around and thereby adding 
extra work in the post processing phase.  
2-D simulations were used because the simulations 
are relatively low on calculation cost. The 3-D 
simulations, not presented here, took considerably longer 
time. Even though a 2-D simulation only gives an 
idealised picture of the actual deformation in the cutting 
zone the results can be used for understanding of the 
process.  
The scatter, as seen in Figure 4, contributes to the 
evaluation problem.. Since the position 1 has undergone 
several more re-meshing steps than position 10, and with 
each increase in point number indicating lesser re-
meshing steps, it is clear that the re-meshing do smooth 
out the results. Moreover, the stress state that is built up 
in the entry area of the tool differs from the “steady 
state” machining that is found approximately in 
positions 5-8. This transient stress state does also 
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contribute to the uncertainty of the residual stresses 
obtained from the simulations. In position 9-10 the 
residual stress state is influenced by the stress state in the 
material in the chip and cannot be considered as being in 
“steady-state”. However, since this study aims to find 
out if easy simulations, and thereby easy evaluation 
schemes, can be used in workshops to estimate the 
residual stresses in a work piece, an average value of all 
measuring points is assumed to suffice. 
The residual stress state in the surface layer differs 
considerably between the measurements and the 
simulations. The reason for the less accurate residual 
stress state at the surface in the simulations can be 
attributed to the re-mesh function. For each re-mesh the 
stress state is slightly smudged into a local stress state 
that usually lies a bit lower if the stress gradient in that 
area is high. One more probable cause to the inability to 
capture the residual stress state in the surface layer is the 
relatively low mesh density. Since quick simulations 
were in focus extreme increase in mesh density was not 
considered for this study. 
In the 2-D simulations the principles of the residual 
stress distribution are correctly reproduced (Figure 5- 6), 
albeit not as far as to the surface, only from a depth of 
around 0.05-0.1mm. It is seen that change in feed rate 
generates the same change in circumferential residual 
stress in the simulations as in the experiments. This 
information can be used to improve machining by 
comparing the results in between the simulations to see 
if the stress state is improved.  
However, in the end the results from these types of 
simulations can only be regarded as indicative. To fully 
capture and understand residual stresses that derive from 
a machining operation 3D simulations with a very fine is 
required.  
5. Conclusion  
 To find a true residual stress state in an 
machined component 2-D simulations will not 
suffice. But, the calculation time for solving 
such a problem with a 3-D model makes such a 
simulation unusable in any standard workshop.  
 The re-mesh that take place in the simulations 
adds a smudging of the stresses. However, 
without re-meshing the calculation time is 
dramatically increased because of the drastic 
increase in element number required for such 
an simulation.  
 Improvement of the cutting process with 
respect to residual stresses can qualitatively be 
performed with today's simulation tools.  
 A 2-D simulation is fast and can be used for 
machining simulations to optimise process 
parameters with respect to residual stresses.  
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